Introduction {#Sec1}
============

Mercury is toxic and persistent in the environment. Mercury, especially methylmercury, is a neurotoxin that affects human health via bioaccumulation through the food chain in aquatic systems (Hylander and Goodsite [@CR6]). Methylmercury is biomagnified in aquatic food webs, and top predatory fish generally are the most highly contaminated (Kehrig et al. [@CR8]). There are potential adverse health implications for both these fish and animals that consume them. High mercury levels in the body would lead to Minamata disease, which has been reported frequently since industrial revolution in the last middle century.

It is a world concern and an important subject whether water would be purified and recover from mercury contamination just depending on natural processes in rivers; it is especially meaningful for large rivers. Though a number of papers have published in the general areas of mercury fate in rivers, lakes, and reservoirs (Hope and Rubin [@CR4]; Gosar et al. [@CR3]; Kannan et al. [@CR7]), little work has been carried out on efficiencies of mercury removal just depending on the natural processes during a long period. These natural processes were defined as the river self-purification including mercury migration and transport in sediments; volatilization to the atmosphere from water surface; transport by water mass; fixation by some groups and ions like the S^2−^; and absorption by phytoplankton, zooplankton, and fish. In lake Vänern, Sweden, the previous work on mercury recovery from contamination indicated that mercury content in lake sediments in 2001 had only decreased by slightly more than a half since the mid-1970s, despite a radical decrease in effluents from the source during the 1960s (Lindeström [@CR9]; Danielsson et al. [@CR2]). Mercury pollution in water bodies could last for many years, for example, mercury in Soca/Isonozo was not as low as expected even 10 years later after the Idrija mine, the mercury source, was closed (Horvat et al. [@CR5]). In Yatushiro Sea, mercury was released into the cover water instead of being fixated by sediment even more than 30 years later since the mercury sources were cut off (Tomiyasu et al. [@CR13]). It indicated that natural processes might not be as effective as expected on mercury removal. Characteristics of mercury remediation in water by river self-purification are yet unknown, and there is a lack of study.

The Second Songhua River (SSR) is the largest tributary of the Songhua River, northeast China. In the last century, the SSR was seriously polluted by mercury (Wang [@CR14]). There were several investigations on mercury levels in the SSR in 1970s, 1980s, 1990s, 2003, and 2004; and one of the authors had participated all sampling and analyzing working. During 2003--2004 and 2006--2007, we investigated the present situations of mercury pollution twice in the SSR and studied the characteristics of mercury removal by river self-purification since 1982 when the mercury sources were cut off.

Materials and Method {#Sec2}
====================

Site Description {#Sec3}
----------------

The SSR was seriously polluted by mercury mostly because of effluents discharged from the Jilin Chemical Industry Corporation (JCIC) in the last century (Wang [@CR14]). From 1958 to 1982, the JCIC produced acetaldehyde using HgSO~4~ as the activator and generated large amounts of effluent, which were discharged into the SSR without any treatments to remove mercury and methylmercury (MeHg). At the peak periods of mercury input, T-Hg of water was about 400 times the background value, and the highest T-Hg of sediment was more than 1,000 mg/kg (Wang et al. [@CR16]). Channels with T-Hg over than 1.0 mg/kg in surface sediment extended to hundreds of miles (Wang et al. [@CR18]; NEIGAE [@CR11]). Symptoms of Minamata disease, which just had been reported in Japan before, had appeared in fishermen who consumed much fish (Bao et al. [@CR1]). In 1982, the JCIC reformed its technology for acetaldehyde production, and HgSO~4~ was not used anymore. Since then, no more mercury was discharged into the SSR from the JCIC. Mercury release from sediment has become the main mercury source in the channels from Shihaoxian to Ganshuigang (Wang et al. [@CR17], [@CR19]).

Segments and Sampling {#Sec4}
---------------------

Segments were set as the same as these investigated in 1970s and1980s (Fig. [1](#Fig1){ref-type="fig"}). Locations of segments were signed and affirmed by bridges, ferries, landforms, and other markers because the global positioning system technology was not used in the previous investigations. During 2003--2004 and 2006--2007, water and sediment samples were collected simultaneously. pH of water samples was adjusted to 1.0 with HNO~3~ immediately and preserved in polyethylene bottles. Sediment was sealed in polyethylene bags and preserved at 4°C. Fig. 1Study area and segments (*1* Shihaoxian, *2* Hadawan, *3* Shaokou, *4* Baiqi, *5* Chaoyang, *6* Songhuajiang Village, *7* Wujiazhan, *8* Fuyu, *9* Ganshuigang, *10* Zhaoyuan)

In 2003--2004, major fish species were collected in the SSR, and fish body weight and length were measured in situ. Fish and mussels were brought back with polyethylene bags containing ice in and preserved at −20°C in laboratory. For mercury analysis, fish was washed with deionized water, and muscle tissue in fish back was used for mercury analysis.

Chemical Analysis {#Sec5}
-----------------

### T-Hg in Water, Sediment, and Fish {#Sec6}

For T-Hg determination in water, KMnO~4~ and K~2~S~2~O~4~ were used for digestion (Wang et al. [@CR18]). Sediment was dried at room temperature, ground to pass an 80-mesh nylon sieve. Sediment and fish muscles were digested using the HNO~3~-H~2~SO~4~-V~2~O~5~ method (Liu et al. [@CR10]). The cold atomic absorption technology was used for T-Hg determination by an F732-V mercury detector. The analysis methods were the same as that used in 1970s and 1980s.

Precision and accuracy of the analytical method were evaluated by comparing the expected T-Hg in certified reference materials to the measured values. The expected and measured concentrations in reference material (GBW-07401) were 0.032 ± 0.006 and 0.031 ± 0.004 mg/kg, respectively.

### MeHg Analysis in Water, Sediment, and Fish Muscles {#Sec7}

MeHg in sediment was extracted and separated using the method described by Zhang et al. ([@CR21]). Sediment (0.5 g) was weighed into a 50-mL polyethylene centrifuge tube. About 5 mL 6 mol/L HCl was added to extract all forms of mercury. The tube was placed overnight and then was ultrasonically cleaned for 2 h by the Ultrasonic Cleaner Instrument. After that, the tube was centrifuged at 3,000 rpm for 15 min. The supernatant fluid was transferred into a 10-mL polyethylene centrifuge tube; 2 mL of CH~2~Cl~2~ was added and shaken for 1 h to extract organomercury compounds into the CH~2~Cl~2~ phase. After centrifuging at 3,000 rpm for 15 min, the CH~2~Cl~2~ phase was transferred into a 50-mL glass tube; an additional 2 mL of CH~2~Cl~2~ was added into the 10-mL polyethylene centrifuge tube again to remove any remaining MeHg. The same steps were repeated on the same sediment sample. Finally, 5 mL deionized water was added into the 50 mL glass tube, which had contained the 4-mL CH~2~Cl~2~ phase. The 50-mL glass tube was place in a 60°C water bath and was aerated by N~2~. The CH~2~Cl~2~ was blown off, and the organomercury compounds were left in the water phase. Finally, 1 mL 1:1 18 mol/L H~2~SO~4~ and 1 mL bromide agent (KBrO~3~ + KBr) were added into the 50-mL glass tube, which played the role of oxidation and indicator, respectively. After 1 h, a drop of hydroxylamine hydrochloride was added into the tube to deoxidize the residual bromide agent. The MeHg was determined by the Tekran Model 2600, which was stable and the recoveries of MeHg were between 94.1% and 102.3%.

MeHg in water was extracted directly using the CH~2~Cl~2~, and the following procedures were the same as mentioned above.

MeHg in fish was extracted and determined according to the national standard method of China (GB/T 17132-1997): 1.0--2.0 g fish muscle was weighed and ground in a bowl with NaCl added. MeHg was thoroughly extracted out using 2.0 mol/L and then enriched on the sulfhydryl cotton, washed off using 2.0 mol/L HCl, and extracted using benzene at last. MeHg in the benzene was analyzed with the Gas chromatography 2010 (Shimadzu, Japan).

All of the glass vessels was soaked overnight in 30% HNO~3~, rinsed with copious amounts of distilled deionized water, stored, capped, and filled with deionized water, prior to use. All solutions were prepared with distilled deionized water in glass bottles and handled with analytical micropipettes. SPSS 10.0 for windows and Excel 2003 were sued for data analysis; Arcgis 9.0 and Origin 7.5 were used for mapping.

Results {#Sec8}
=======

Mercury Input into the SSR during 1958--1982 {#Sec9}
--------------------------------------------

Mercury pollution in the SSR could be traced back to the 1950s when chemical industries developed quickly in China. Mercury input into the SSR was composed of four parts: (1) mercury from the soil and rock by dissolution, which contributed to the mercury background levels in the SSR sediment and water; (2) mercury brought into the SSR by surface runoff, and this part was estimated to about 1.7 t/a, of which about 1.05t was precipitated in the channels; (3) mercury input via atmospheric wet and dry processes, and this part was about 0.1 t/a on the entire SSR catchment and about 40% was precipitated in the SSR; and (4) mercury from anthropogenic sources, mostly input by effluent discharged from plants producing acetaldehyde, polyethylene, and calcium carbide of the JCIC. About 149.8 t mercury and 5.4 t methylmercury were estimated to discharge into the SSR from anthropogenic sources, and the JCIC accounted for about 94% of T-Hg and 100% of MeHg (NEIGAE [@CR11]).

From 1958 to 1982, rate of MeHg input into the SSR was 665 g/day. The period when rate of T-Hg input was over 1,000 g/day was about 7 years, and the rate was over 1,500 g/day from 1973 to 1975. In the peak periods, about 30.3 kg mercury was discharged into the SSR everyday (NEIGAE [@CR11]). In 1982, HgSO~4~ was not used anymore. Since then, mercury was purified mostly by natural processes in the SSR.

Mercury in Sediment {#Sec10}
-------------------

In the past 30 years, total organic carbon (TOC) contents of sediments varied slightly in Shihaoxian, Hadawan, and Songhuajing village (Table [1](#Tab1){ref-type="table"}). It suggested that the sediments were comparable over time. Table 1Total organic carbon contents of some segments in different years (percent)ShihaoxianHadawanSonghuajiang village19731.83516.946--1983----26.76420031.79817.24326.56820061.86716.46827.000-- no data

In the past, the highest T-Hg in surface sediment was found in Shihaoxian. T-Hg in surface sediment was very high before 1983 but decreased radically since mercury sources were closed (Fig. [2](#Fig2){ref-type="fig"}). T-Hg in the surface sediment (\<10 cm) of typical sediments, Shihaoxian, Hadawan, and Baiqi, were 1.12, 0.219, and 0.475 mg/kg in 2006, which had decreased by 93.4%, 97.2%, and 69.2% compared to T-Hg in 1983, respectively, but T-Hg was still much higher than the background level, which was just 0.036 mg/kg. Fig. 2Total mercury varieties of typical segments in different years

Mercury in the surface sediment was mainly removed by two potential routes. One was that surface sediment with extreme high mercury concentrations were transported downstream by the water flow, which led to the mercury levels rising in downstream; another was that the new precipitation with low mercury concentrations from upstream had diluted the mercury concentrations in some segments heavily polluted like Shihaoxian. Mercury distribution characteristics in vertical direction indicated that T-Hg in surface sediment was higher than the deeper layers in 1970s, but it was lower than the deeper layers in 2004 (Fig. [3](#Fig3){ref-type="fig"}). It suggested that the relatively higher T-Hg in deeper layers might be the secondary mercury source. Fig. 3Total mercury vertical distribution in 1976 and 2004

MeHg background level in sediment of the SSR was 0.25 μg/kg. In the period of 1976--1978, MeHg concentrations were extremely high, which mostly came from effluent discharged directly from the JCIC. MeHg in the Shihaoxian segment was more than 100 μg/kg, which was about 400 times the background level. In 1982, mercury sources were cut off, and no more MeHg was discharged into the SSR via effluent; since then, MeHg in the sediment was formed mostly by methylation processes stimulated by microorganisms. From 1983 to 2004, MeHg of sediment was decreasing in segments near the Shihaoxian, but increasing in some segments downstream. In 2004, MeHg in Shihaoxian was 3.84 μg/kg, which had decreased by about 96% in the past 30 years.

Mercury in Water {#Sec11}
----------------

T-Hg background level in water of the SSR is 0.03 μg/L (Shao [@CR12]). In 2006, T-Hg in water ranged from 0.009 to 0.069 μg/L, and the average was 0.033 μg/L, which was close to the background level. From 1975 to 2006, though T-Hg in water had decreased by 99.8% in Shihaoxian, 98.9% in Baiqi, and 97.0% in Shaokou, respectively (Fig. [4](#Fig4){ref-type="fig"}), it was still higher than the background levels in segments near Shihaoxian, which suggested the historical influences of the JCIC. Fig. 4Total mercury and methylmercury varieties in typical segments in different years

In 1983, MeHg in water decreased radically than that in 1981, but MeHg in water was higher in 2007 than that in 1983 (Fig. [4](#Fig4){ref-type="fig"}). MeHg in the SSR mostly came directly from effluent from the JCIC in 1981, when mercury sources were cut off, with no exogenous MeHg input directly; MeHg in water was very low in 1983. MeHg rising in water in 2007 might be due to MeHg dissolving in cover water from mercury methylation stimulated by microorganisms in sediment.

Mercury in Fish and Mussels {#Sec12}
---------------------------

Since most studies have identified a clear association between quantity and the frequency of fish consumption and Hg poison, mercury in fish has been paid extraordinary attention. We had tested the correlationship between T-Hg and fish body length and weight of the *Parasiburus asvtus*, *Hemiculter leucisculus*, *Carassius auratus gibeliv*, *Cyprinus carpio* Linnaeus, and *Saurogobio dabryi*. Results suggested that significantly positive correlationships between T-Hg and fish body length and weight were only found in the *C. auratus gibeliv* (Fig. [5](#Fig5){ref-type="fig"}). Some researches indicated that T-Hg was related to fish body length and weight because that reflected the age of fish indirectly, but our results suggested the positive correlationships were not found in most kinds of fish, which might be due to results from the joint effects of mercury half-time and growth rate in different fish species. Another potential reason was that fish in river did not stay in the stationary channels, and they had larger range of motion than that in lakes and reservoirs. In 1976, the investigation also suggested no significantly relationship between T-Hg and fish body weight, length, and age. Fig. 5Correlationship between total mercury in fish and their body weight and length

In 2004, fish body lengths investigated were in the range of 6.6--24.3 cm, and the average was 13.54 cm, which did not vary too much with that measured in the past. It suggested that T-Hg in fish of different sizes were comparable.

From 1975 to 1978, T-Hg in 26 fish species of the SSR was thoroughly investigated and ranged from 0.03 to 3.240 mg/kg (wet weight) with the average 0.744 mg/kg. Of the 574 fish samples determined, about 63.4% was not suitable for consumption. The highest T-Hg was observed in *Lampetra reissneri*, which was the endangered species in the SSR, and was in the range of 1.480--3.240 mg/kg with the average 2.071 mg/kg. MeHg of fish ranged from 0.22 to 1.620 mg/kg and accounted for about 59% of the T-Hg (NEIGAE [@CR11]).

The predominant fish species in the SSR were *Carassiu auratus*, *C. carpio*, *Xenocypris macrolepis*, *Hypophthalmichthys molitrix*, *H. leucisculus*, and *P. asvtus*. Of the five fish species, T-Hg ranged from 0.032 to 2.375 mg/kg in 1975, which was much higher than the guide mercury limit of China (Table [2](#Tab2){ref-type="table"}). Table 2Mercury concentrations of predominant fish species of the Second Songhua River in 1975 (milligram/kilogram; NEIGAE [@CR12])Species*n*RangeMean*Hemiculter leucisculus*930.100--1.7700.699*Xenocypris macrolepis*1050.032--1.8400.559*Cyprinus carpio*670.076--2.1600.409*Carassius auratus*1350.040--1.7200.906*Hypophthalmichthys molitrix*170.060--0.9400.330*Parasiburus asvtus*370.190--2.3751.255

Sixty-four fish samples were chose to analyze the MeHg in 1977. Results indicated that MeHg was significantly related with T-Hg (*r* = 0.976, *p* \< 0.001). Of the 12 fish species investigated, MeHg in *Lota lota* accounted for 77% of T-Hg, and the proportion was higher than the other species (Table [3](#Tab3){ref-type="table"}). Table 3Total and methylmercury concentrations of 12 fish species in 1977 (milligram/kilogram; NEIGAE [@CR12])Species*n*T-HgMeHg*Lampetra japonica*21.6821.041*Erythroculter ilishaeformis*90.6270.379*Erythroculter oxycephalus*21.0920.961*Erythroculter mongolicus*21.4411.033*Xenocypris macrolepis*70.3710.197*Cyprinus carpio*130.4040.264*Carassius auratus*40.7290.532*Aristichthys nobilis*100.2380.131*Parasilurus asotus*91.2120.813*Pseudobagrus fulvidraco*30.9020.550*Lota lota*11.8831.451*Ophicephalus argus*21.0320.762

From 2003 to 2004, another investigation on the mercury concentrations in fish (ten species, 158 fish samples) and mussels (28 samples) were performed, and results suggested that T-Hg ranged from 0.001 to 0.66 mg/kg with the average 0.139 mg/kg (Fig. [6](#Fig6){ref-type="fig"}), which was lower than the guide mercury limit of China (0.3 mg/kg). The highest T-Hg was observed in *Carassius auratus* with the average 0.45 mg/kg (Shao [@CR12]). Fig. 6Total mercury concentrations in fish and mussels in 1975 and 2004

T-Hg of fish in 2004 had decreased radically by 91.4% compared with those in 1975. Of the representative fish species, the amplitude of decreasing from 1975 to 2004 ranged from 78.9% to 98.0%, which suggested that mercury had been removed from fish effectively (Fig. [6](#Fig6){ref-type="fig"}). T-Hg in four mussel species, *Anodonta woodiana woodiana*, *Cristaria plicata*, *Lanceolaria grayana*, and *Unio douglasiae*, were investigated, and it was also much lower than that in 1975 (Table [4](#Tab4){ref-type="table"}). Table 4Mercury concentrations in mussels in 1975 (milligram/kilogram; NEIGAE [@CR12])SpeciesSegment*n*Age (years)The adductorsFoot musclesRangeMeanRange*Anodonta woodiana woodiana*Wujiazhan123--90.480--1.4001.050.440--1.021Zhaoyuan226--100.410--1.3010.8590.150--0.680Linjiang106--90.360--1.2020.8300.170--1.000*Cristaria plicata*Wujiazhan133--80.380--1.4010.7960.150--0.820Zhaoyuan97--80.488--0.9320.6710.152--0.776Linjiang43--60.520--1.0040.7180.440--0.490*Lanceolaria grayana*Wujiazhan36--80.380--0.5000.4230.258--0.685*Unio douglasiae*Wujiazhan103--70.261--1.0900.5010.101--0.510

Discussion {#Sec13}
==========

Mercury Recovery Model from Contamination in Sediment {#Sec14}
-----------------------------------------------------

Four segments, Shaokou, Baqi, Fuyu, and Ganshuigang, were chosen to study the mercury recovery model in the surface sediment just depending on river self-purification processes since 1983. Regression analysis indicated that T-Hg of all sections were negative exponential with purification time (Table [4](#Tab4){ref-type="table"}). It suggested that T-Hg in the surface sediment decreased significantly with large gradient in the first several years after the pollution sources were cut off (Fig. [7](#Fig7){ref-type="fig"} and Table [5](#Tab5){ref-type="table"}); and 8--10 years later, T-Hg decreased slowly, and the model curve became smooth and steady. Mercury removal efficiency was depending on the initial T-Hg in sediment in 1983. On the whole, the higher the initial T-Hg was, the faster the purification rate was. The model indicated that mercury purification rate was slow in the future and would continue for a long period. Fig. 7Regressing curves of mercury concentration decreasing with time in top sediments of 10 cm depth in typical segmentTable 5Regressing functions of mercury concentrations decreasing with time in sediment in 10 cm depthSegmentRegressing functions*R*^2^*p*Shaokouy = 0.551 + 0.999exp(-x/4.580)0.999\<0.01Baiqiy = 0.398 + 0.192exp(-x/3.517)0.998\<0.01Fuyuy = 0.102 + 0.278exp(-x/6.466)0.995\<0.01Ganshuigangy = 0.051 + 0.409exp(-x/3.984)0.998\<0.01

Mercury Recovery from Contamination in the Water {#Sec15}
------------------------------------------------

All water samples were collected in the normal river flow period. It suggested that T-Hg of water in Shaokou, Baiqi, and Chaoyang were all exponential negative with time (Fig. [8](#Fig8){ref-type="fig"}), but Fuyu was obviously different with the other three segments. In 1990s, T-Hg of water in Fuyu was increasing in the first several years, and the reasons were unclear. Fig. 8Decreasing trend and regressing curve of total mercury concentration in water since mercury source was closed

Mercury Recovery from Contamination in Fish {#Sec16}
-------------------------------------------

In general, mercury was persistent in fish and mostly in methylmercury forms. Due to the biomagnification of mercury along the food chain, the highest mercury concentrations were usually found in carnivores. From 1973 to 2003, T-Hg in fish collected from most segments, though were decreasing and had decreased by 91.4% on the whole compared with those in 1975 (Fig. [9](#Fig9){ref-type="fig"}), were still very high and were about 1.6--6.9 times of the background value. In 1976, T-Hg in fish of the SSR was higher than those had reported in the Minamata bay in 1972, which was 0.73 mg/kg on average. Of all fish species investigated, T-Hg was in the order of the carnivorous \> omnivorous \> herbivorous, the demersal \> the pelagic and the alepidote \> the lepidote. Up to the present, some fish species were still not suitable for consumption. Fig. 9Mercury decreasing in fish from 1973 to 2005

Some models proposed in the 1990s had predicted that mercury pollution in water, sediment, and fish of the SSR would reduce to the background values after 10--20 years later since mercury sources were closed. Results of the present work showed that the model was over-optimistic (Wang [@CR15]; Yu et al. [@CR20]). Effects of mercury purification in the SSR just depending on the river natural processes were not as good as results expected. It suggested that the steady and low mercury-removing rate will last several decades or even more than hundreds of years before recovery from contamination.

Conclusions {#Sec17}
===========

The present work suggested that mercury concentrations in the SSR was dominated by mercury input from effluent before mercury sources were closed in 1982, and the river purification was predominant since 1983 and resulted in mercury concentration decreasing in the past 30 years. It was estimated that about 149.8 t mercury and 5.4 t MeHg were discharged into the SSR from 1958 to 1982 in all. In 2004, T-Hg in water and sediment near the past effluent outlet, the Shihaoxian, had decreased by 90%. The mercury-removing rates in surface sediment depended on and increased with initial T-Hg in 1983. It can be concluded that from the vertical T-Hg distribution characteristics in 1976 and 2004, purification processes mostly occurred in surface sediment with no more than 40 cm depth. T-Hg in most fishes investigated had decreased by over 90% in 2004 compared with 1975, but still were high and about 1.6--6.9 times of the background values. Some representative fishes were not suitable for consumption yet. From 1983 to 2007, T-Hg in water, sediment, and fish were decreasing with times in a potential negative exponent model. Since mercury sources were cut off, T-Hg in water, sediment, and fish decreased firstly radically in the initial 10 years and then slow in the following time. Regression analysis suggested that it would take about several decades or more than a hundred of years in the future to recover from mercury concentrations to the background values in the SSR.
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